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Edited by Ned ManteiAbstract In mammals, imprinted genes show parental origin-
dependent expression based on epigenetic modiﬁcations called
genomic imprinting (GI), which are established independently
during spermatogenesis or oogenesis. Due to GI, uniparental fe-
tuses never develop to term. To determine whether such expres-
sion of imprinted genes is maintained in uniparental mouse
fetuses, we analyzed the expression of 20 paternally and 11
maternally expressed genes in androgenetic and parthenogenetic
fetuses. Four genes of each type were expressed in both groups of
fetuses. Furthermore, quantitative analysis showed that expres-
sion levels deviated from the presumed levels for some imprinted
genes. These results suggest that mechanisms acting in trans be-
tween paternal and maternal alleles are involved in the appropri-
ate expression of some imprinted genes.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Mouse1. Introduction
Genomic imprinting (GI), whereby one parental allele is
distinguished from the other, leads to parental origin-depen-
dent gene expression in mammals [1,2]. To date, more than
80 imprinted genes and transcripts have been identiﬁed in
mice and humans. Using subtractive hybridization or cDNA
microarray with cDNA derived from androgenetic and par-
thenogenetic fetuses, a considerable number of imprinted
genes, although not all of them, have been identiﬁed [3–6].
Monoallelic imprinted gene expression is regulated by par-
ent-speciﬁc epigenetic markers such as DNA methylation in
the diﬀerentially methylated region (DMR) of each gene.
These markers are independently established during sper-
matogenesis or oogenesis [7–12]. However, it has been re-
ported that the imprinted expression is disrupted in the case
of a few imprinted genes in androgenetic and parthenogenetic
mouse fetuses. The paternally expressed gene U2af1-rs1 was*Corresponding author. Address: Department of Bioscience, Tokyo
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doi:10.1016/j.febslet.2006.08.087activated and biallelically expressed from maternal alleles in
parthenogenetic fetuses [13]. Moreover, the maternally ex-
pressed genes H19 and Igf2r were expressed in androgenetic
fetuses [14]. Thus, the parent-speciﬁc expression of imprinted
genes is not always maintained in uniparental fetuses. This
suggests that in such cases, both parental genomes are neces-
sary for establishing the parental origin-dependent expression
of imprinted genes. Interestingly, the disruption of imprinted
gene expression was not detected in reconstructed partheno-
genetic fetuses wherein one genome was derived from a
non-growing (ng) oocyte and the other from a fully grown
(fg) oocyte [15]. Hence, intergenomic interactions between
the non-imprinted maternal genome and the imprinted one
as well as the paternal and maternal alleles are involved in im-
printed gene expression.
To obtain further insight into the expression of
imprinted genes in uniparental fetuses, we examined the
expression patterns of 20 paternally and 11 maternally
expressed genes in androgenetic and parthenogenetic fetuses.
Furthermore, the expression status of these genes was also
examined using reconstructed ng/fg parthenogenetic fetuses.
The results of this study suggest that in some speciﬁc cases,
a mechanism acting in trans between the parental alleles
might regulate the appropriate expression of the imprinted
genes.2. Materials and methods
2.1. Production of E9.5 parthenogenetic and androgenetic fetuses
B6CBF1 (C57BL/6N · CBA) mice were used as oocyte donors.
They were superovulated by injecting 5 IU each of equine chorionic
gonadotrophin (eCG) and human chorionic gonadotrophin (hCG)
48 h apart. The ovulated MII oocytes were collected 13–16 h post
hCG injection, and the cumulus cells were removed using 300 U/
ml hyaluronidase in M2 medium [16]. For producing parthenoge-
netic embryos, the oocytes were activated for 4 h in Ca2+-free
M16 medium with 10 mM SrCl2 to induce intracytoplasmic Ca
2+
oscillation and 10 mM cytochalasin B to inhibit second polar body
extrusion [17,18]. The diploid parthenogenetic embryos were cul-
tured in vitro for 3 days. Androgenetic embryos were produced by
in vitro fertilization using enucleated oocytes [19]. When required,
pronuclear transfer was performed to produce diploid androgenetic
embryos. Control biparental embryos were produced by in vitro fer-
tilization. Using a nuclear transfer technique, ng/fg parthenogenetic
embryos were reconstructed using ng oocytes derived from JF1
strain pups and fg oocytes derived from B6D2F1 (C57BL/
6 ·DBA/2) mice, as described previously [20]. These reconstructed
oocytes were activated as described above. The obtained blastocysts
were transferred into the uterine horns of CD-1 females at 2.5 days
of pseudopregnancy.ation of European Biochemical Societies.
Table 1
PCR primers
Ch. no. Genes Accession
number
Expression
allelea
Primer sequences Annealing
temperature (C)
Size of PCR
products (bp)
Forward Reverse
2 Nnat NM_180960 P AGGTGCTCCTGTGCTTCTCG GCTGGTTGATGGGCTGTTCG 55 335
6 Peg10 NM_130877 P GGGTAGATAATCATAAGTATTTTGGGC CAACATTCTAAACTTTATTCCAGCAAC 65 526
6 Asb4 NM_023048 M ATGAAAACACCAAGAAAATC TGAAGACAAAGCACGGAGTA 60 250
6 Sgce NM_011360 P GGGGTGGCAGAGTGCCGCTTCC GGCAGCACATGATATAAGCGAG 65 407
6 Peg1 NM_008590 P ATTCGCAACAATGACGGC TGAGGTGGACTATTGTGTCACC 65 487
7 Zim1 AF111101 M GAGAAGCCGTACTGCTGTCA CTTGCACCGGTACCTGGAGT 60 272
7 Peg3 AB003040 P TCACGGAGACGACACCAACA CCCCGCTCATCAGAATCAAA 60 825
7 Pwcr1 AF241256 P GCCCATAATCCATGTGGTT CAGGTGACCTAGGGCAAGT 60 189
7 Snurf-Snrpn NM_013670 P ATACTGGCATTGCTCGTGTG TGGAGGAGGCATGCCTATAG 65 380
7 Ndn NM_010882 P GTATCCCAAATCCACAGTGC CTTCCTGTGCCAGTTGAAGT 65 356
7 Magel2 NM_013779 P CAGTCCCCATCCTCACTAATAGA TCTCCAGACAGTATTTTACCGATG 60 413
7 Zfp127 NM_011746 P CCGCTTTGGCATTCTTTTCA AGCAACAGCAGACAACAGAG 60 602
7 Frat3 AF148857 P CTTCCCGCTCACTCGTTCCT GCTTTCTTTCAACACTCTGC 65 797
7 Obph1 AB074008 M TGGACGAAGCTGTGGTGTG CGTCTGATTCAGAAGCGGC 60 268
7 Tssc3 AF002708 M TGGAGAAGCGAAGCGACAGC GGTGGGTTGGAAGCAGGTAA 65 565
7 P57kip2 U20553 M GACGATGGAAGAACTCTGGG AGCGTACTCCTTGCACATGG 60 150
7 Lit1 AF119385 P GCCGAGTCAGAACGCACTGG TTCCCAATCCCCCACACCTG 64 372
7 Igf2 NM_010514 P GGAGATGTCCAGCAACCATC CTGAAGCAATGACATGCCAC 65 584
7 H19 X58196 M GGGGTCAAACAGGGCAAGAT CAAGAAGGCTGGATGACTGC 60 733
10 Zac1 AF147785 P GATCCCATGCCTCCTTTCCA CCTTGCCATCTGCTTTGACG 65 571
10 Dcn NM_007833 M CATACTCAAATAAGGCTTCACCAA AAAGTTGTCTGTAGTTGTGAACTGA 65 205
11 Grb10 BC016111 M CTTGATACCACCCAGAAAGTCTG AACCCAAAGCATTTGGCAG 65 1040
11 U2af1-rs1 NM_011663 P GAGGAGGACGATGATGTTTC GCATTCTTCTTCCGACTGGT 65 684
12 Dlk1 NM_010052 P CCTCTGCTCCTGCTGGCTTTC GATGTGTTGCTCGGGCTGCTGA 65 829
12 Gtl2 Y13832 M AAGCACCATGAGCCACTAGG TTGCACATTTCCTGTGGGAC 65 288
12 Rian AB063319 M GCTTTTTAATGGCTGTGCATATAC AGCAATTAATCTCACTAGTGCCT 60 253
15 Peg13 AY151252 P TGACCCAGTGGAGCCTTTAC CCGTCGTCACAAAGAACAGA 60 497
15 Ata3 NM_027052 P AAGATTGGGGCTTTGGTCTT CATCCTTCACCATTCCCAAC 60 306
17 Air AJ249895 P GCAAGGCAAATGGGGACAAT TAAGGGTGGATGGGGAGACA 60 570
17 Igf2r U04710 M CAGGTAGCGAAAAGTGGTAAGT GCCTGGTCTGTTTCTGTGATTG 55 760
18 Impact NM_008378 P GGACTGTGAAGATGATGGAG ACACGTCTTCCCTGCCTAAC 65 589
aP: paternal allele, M: maternal allele.
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Table 2
Real-time PCR conditions
Genes Primer sequences MgCl2
(mM)
Annealing
temperature
(C)
Size of PCR
products (bp)
Forward Reverse
H19 CATGTCTGGGCCTTTGAA TTGGCTCCAGGATGATGT 4 55 245
Igf2 AGGGGAGCTTGTTGACACG GGGTATCTGGGGAAGTCGTC 2 59 225
Asb4 ATGAAAACACCAAGAAAATC TGAAGACAAAGCACGGAGTA 4 60 250
Dcn CATACTCAAATAAGGCTTCACCAA AAAGTTGTCTGTAGTTGTGAACTGA 3 60 205
Tssc3 TGGAGAAGCGAAGCGACAGC GGTGGGTTGGAAGCAGGTAA 2 65 565
Ata3 AAGATTGGGGCTTTGGTCTT CATCCTTCACCATTCCCAAC 4 60 306
U2af1-rs1 AGACCTACCAGCAGTTCTTG GGTCACTGGACAGAATTCAC 3 64 224
Impact GGACTGTGAAGATGATGGAG ACACGTCTTCCCTGCCTAAC 4 65 589
Zac1 GATCCCATGCCTCCTTTCCA CCTTGCCATCTGCTTTGACG 4 65 571
Dlk1 ACTTGCGTGGACCTGGAGAA CTGTTGGTTGCGGCTACGAT 2 62 221
Gtl2 AAGCACCATGAGCCACTAGG TTGCACATTTCCTGTGGGAC 3 62 288
Grb10 TCCAAGTGGAGAGTACCATGC TACGGATCTGCTCATCTTCG 3 58 471
GAPDH GTCGTGGAGTCTACTGGTGTC GAGCCCTTCCACAATGCCAAA 2 60 240
Table 3
Expression of paternally expressed genes in androgenetic and parthe-
nogenetic embryos
Ch. Genes Control Androgenetic Parthenogenetic
2 Nnat + + 
6 Peg10 + + 
6 Sgce + + 
6 Peg1 + + 
7 Peg3 + + 
7 Pwcr1 + + 
7 Snurf-Snrpn + + 
7 Ndn + + 
7 Magel2 + + 
7 Zfp127 + + 
7 Frat3 + + 
7 Lit1 + + 
7 Igf2 + + 
10 Zac1 + + 
11 U2af1-rs1 + + +
12 Dlk1 + + 
15 Peg13 + + 
15 Ata3 + + +
17 Air + + +
18 Impact + + +
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Using ISOGEN (Nippon Gene Co. Ltd., Tokyo, Japan), total
RNA was isolated from the fetuses developing from the androge-
netic, fg/fg parthenogenetic, and control embryos at E9.5 and from
the fetuses developing from the ng/fg parthenogenetic and control
embryos at E12.5. After total RNA was treated with DNase
(Promega, Madison, WI) to exclude the genomic DNA, the absence
of genomic DNA contamination was conﬁrmed by the lack of
ampliﬁcation of GAPDH by PCR. The genomic DNA-free total
RNA was reverse transcribed to cDNA by using SuperScript II
(Gibco BRL, Gaithersburg, MD). The expression of 20 paternally
and 11 maternally expressed genes was ﬁrst examined by RT-
PCR. The PCR conditions used for each gene transcript are listed
in Table 1. The PCR ampliﬁcation was performed using TaKaRa
Ex Taq polymerase (Takara, Kyoto, Japan). The quantitative gene
expression analysis was performed by real-time PCR using a Light-
Cycler System (Roche, Mannheim, Germany) with LightCycler Fast-
Start DNA Master SYBR Green I (Roche). The real-time PCR
conditions are listed in Table 2. In the case of Snurf-Snrpn expres-
sion analysis, TaqMan Gene Expression Assays (Assay ID:
Mm01310473_g1, Applied Biosystems Foster City, CA) was carried
out according to the manufacturer’s instructions using a 7500 Real-
Time PCR System (Applied Biosystems). Data were obtained from
three to four individual fetuses of each genotype. The expression
of each gene was evaluated based on the GAPDH expression in
the individual samples and represented as a relative percentage of
that in the controls.
2.3. Allelic analysis of gene expression
To determine the expressed alleles in the ng/fg parthenogenetic fe-
tuses, DNA polymorphisms between B6D2F1 and JF1 strains were de-
tected by restriction fragment length polymorphism (RFLP) or single
nucleotide polymorphisms (SNPs) analysis. For the RFLP analysis
of Ata3 and Asb4, the PCR products were digested with SmaI and
MnlI [3], respectively. The expressed alleles of U2af1-rs1, Air, and
Tssc3 were detected from the SNP data obtained by the direct sequenc-
ing of the RT-PCR products.
2.4. Statistical analysis
The gene expression levels in the androgenetic, parthenogenetic, and
control fetuses were compared using Student’s t-test; P < 0.05 was con-
sidered statistically signiﬁcant.3. Results
3.1. Expression of paternally expressed genes
The expression pattern of 20 paternally expressed genes in
the androgenetic and parthenogenetic fetuses at E9.5 is sum-marized in Table 3. Ampliﬁed RT-PCR products of four
paternally expressed genes (U2af1-rs1, Ata3, Air, and Impact)
were detected in both androgenotes and parthenotes, suggest-
ing that the imprinting was relaxed in these genes. To con-
ﬁrm expression levels, for three of the genes, we performed
quantitative gene expression analysis by real-time PCR
(Fig. 1A). The expression of U2af1-rs1, Ata3, and Impact,
was conﬁrmed in the parthenogenetic fetuses; their expres-
sion levels were 37%, 16%, and 10%, respectively, of those
in the controls. However, in the androgenetic fetuses, the
expression of U2af1-rs1 and Impact was down-regulated.
We also determined the expression levels of four other genes,
Snurf-Snrpn, Igf2, Zac1, and Dlk1 that were not detected in
the parthenogenetic fetuses by RT-PCR (Fig. 1B). Because
the expression level of Snurf-Snrpn was not determined cor-
rectly due to ampliﬁcation of non-speciﬁc signals only in par-
thenotes, we carried out TaqMan Gene Expression Assays to
detect the gene speciﬁc signals exactly. The expression of
U2af1-rs1
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Fig. 1. Quantitative real-time PCR analyses of paternally expressed genes in androgenetic (And), parthenogenetic (Par), and control (Con) fetuses at
E9.5. The paternally expressed genes were (A) detected and (B) undetected in parthenotes by RT-PCR (Table 3). The mean expression was calculated
as a percentage of the expression in the controls. Data represent the means ± S.E.M. (n = 3–4). The diﬀerent letters on the bars indicate signiﬁcant
diﬀerences (P < 0.05).
5380 H. Ogawa et al. / FEBS Letters 580 (2006) 5377–5384Snurf-Snrpn and Zac1 in androgenetic fetuses was up-regu-
lated; in particular, Snurf-Snrpn expression was 6.5-fold of
that in the controls. Furthermore, Igf2, Snurf-Snrpn, and
Zac1 were expressed at negligible levels in the parthenoge-
netic fetuses. The expression level of Dlk1 in the parthenoge-
netic fetuses was 8% of that in the control, but this gene was
not detected by RT-PCR (Table 3). These results are attrib-
uted to the diﬀerent sensitivity between real-time PCR and
RT-PCR.3.2. Expression of maternally expressed genes
The RT-PCR expression analysis of 11 maternally expressed
genes in the androgenetic and parthenogenetic fetuses at E9.5
indicated that the four maternally expressed genes Asb4,
Tssc3, Dcn, and Grb10 were expressed in both androgenetic
and parthenogenetic fetuses (Table 4). To conﬁrm their
expression levels, we performed quantitative expression analy-
sis of these genes (Fig. 2A). The Asb4 and Dcn expression lev-
els in the androgenetic fetuses were clearly similar to those in
Table 4
Expression of maternally expressed genes in androgenetic and parthe-
nogenetic embryos
Ch. Genes Control Androgenetic Parthenogenetic
6 Asb4 + + +
7 Zim1 +  +
7 Obph1 +  +
7 Tssc3 + + +
7 p57kip2 +  +
7 H19 +  +
10 Dcn + + +
11 Grb10 + + +
12 Gtl2 +  +
12 Rian +  +
17 Igf2r +  +
H. Ogawa et al. / FEBS Letters 580 (2006) 5377–5384 5381the controls. In addition, the Tssc3 and Grb10 expression lev-
els were 7% and 19%, respectively, of those in the controls.
However, in the parthenogenetic fetuses, Asb4 and Grb10
expression was up-regulated to 7.5- and 9-fold, respectively,
of that in the controls. In contrast, the Tssc3 expression was0
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Fig. 2. Quantitative real-time PCR analyses of maternally expressed genes in
E9.5. The maternally expressed genes were (A) detected and (B) undetecte
calculated as a percentage of the expression in the controls. Data represent t
signiﬁcant diﬀerences (P < 0.05).apparently down-regulated to 20% of that in the controls.
We also determined the expression levels of two other genes,
H19 and Gtl2 that were not detected in the androgenetic fe-
tuses by RT-PCR (Fig. 2B). In the parthenogenetic fetuses,
Gtl2 expression was up-regulated to 10-fold of that in the con-
trols. In the androgenetic fetuses, H19 and Gtl2 showed slight
expression.
3.3. Expressed alleles of imprinted genes in the ng/fg
parthenogenetic embryos
To obtain further insight into the imprinted gene expression
status in the parthenogenetic embryos, we analyzed the ex-
pressed alleles in the reconstructed ng/fg parthenogenetic fe-
tuses. The expressed alleles of three paternally expressed
genes U2af1-rs1, Ata3, and Air, which were expressed in the
parthenogenetic fetuses (Table 3, Fig. 1) were detected by
RFLP or by direct sequencing. The three paternally expressed
genes were expressed only from the ng alleles but not from the
fg alleles (Figs. 3 and 4A and B). However, of the two mater-
nally expressed genes Tssc3 and Abs4, the former was tran-
scribed solely while the latter, preferentially from the fg allele
(Figs. 3 and 4C).Tssc3
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Ata3
SmaI (–) SmaI (+)
MnlI (–) MnlI (+)
JF1
ng/fg fetus
1 2
JF1
ng/fg fetus
1 2
SmaI
JF1
JF1
113 bp 191 bp
MnlI MnlI
63 bp 155 bp 30 bp
219 bp 30 bp
A B
B6D2F1
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B6D2
F1
B6D2
F1
M M
Fig. 3. Ata3 and Asb4 expression in ng/fg parthenogenetic fetuses at E12.5. (A) The Ata3 PCR product contains one SmaI site in the B6D2F1 allele,
while the Asb4 PCR product contains twoMnlI sites in the B6D2F1 allele and oneMnlI site in the JF1 allele. This information was obtained from a
previous report [3]. (B) The PCR products of the JF1 and B6D2F1 genomes and the cDNA of the ng/fg fetuses (ng = JF1, fg = B6D2F1) were
digested with restriction enzymes and electrophoretically separated on a 4% agarose gel. M indicates the 100-bp ladder marker.
5382 H. Ogawa et al. / FEBS Letters 580 (2006) 5377–53844. Discussion
Generally, imprinted genes are expressed solely from either
the paternal or maternal allele, depending on the parental ori-
gin-dependent epigenetic modiﬁcations imposed during game-
togenesis. Several epigenetic properties are considered to be
associated with the regulation of imprinted gene expression.
It is well known that imprinted genes are strictly regulated
by DNA methylation; its most prominent form is the parental
origin-speciﬁc methylation of cytosine present in the DMR.
DNA methylation allows discrimination between maternal
and paternal alleles and leads to monoallelic imprinted gene
expression. Furthermore, histone modiﬁcation by methylation
and acetylation is considered to be involved in imprinted gene
expression [21].
Since androgenotes and parthenotes have two sets of pater-
nal and maternal genomes, respectively, the transcription lev-
els of the paternally and maternally expressed genes in
androgenotes and parthenotes should theoretically be double
or a negligible fraction of those in normal embryos. In fact,
four imprinted genes – the paternally expressed Igf2 and
Snurf-Snrpn and maternally expressed Igf2r and H19 – were
predominantly expressed in the androgenetic and parthenoge-
netic fetuses, respectively, suggesting that these imprinted
genes are maintained even in the absence of the other paren-
tal genome [22]. However, our previous study showed that in
the parthenotes, the imprinting status of U2af1-rs1, a pater-
nally expressed gene, was disrupted, and this gene was unusu-
ally expressed from the maternal alleles [13]. The present
study conﬁrmed the disruption of imprinted gene expression
in uniparental fetuses. In addition, we demonstrated that con-
tradictory to the existing theory, several imprinted genes in
uniparental fetuses were expressed from the alleles that were
originally repressed in control fetuses. In particular, the
maternally expressed genes Asb4 and Dcn and the paternally
expressed genes U2af1-rs1 and Ata3 were apparently tran-
scribed in the androgenotes and parthenotes, respectively.
Furthermore, in the parthenotes, the maternally expressed
genes Gtl2 and Grb10 were up-regulated 10-fold as compared
to those in the controls. However, in the androgenotes, thepaternally expressed Snurf-Snrpn gene transcripts were up-
regulated 6.5-fold as compared to those in the controls. These
results suggest that interdependent regulation between mater-
nal and paternal alleles is involved in the appropriate expres-
sion of imprinted genes. Regarding the analysis of the DNA
methylation in imprinted genes, the remodeling of allelic
methylation between the fertilization and blastocyst stages,
which alters the germline imprint at some loci, may be inﬂu-
enced by both parental factors [23–25]. However, androge-
notes and parthenotes usually exhibit a developmental delay
accompanied by particular impairments, suggesting that the
tissue-speciﬁc gene expression patterns might diﬀer from
those observed in the controls. Further experiments such as
in situ hybridization analysis may provide a clearer insight
into this complex phenomenon.
In addition to cis-acting mechanisms, other regulatory mech-
anisms such as trans-acting factors are assumed to be involved
in the parental origin-dependent expression of imprinted genes.
A mutation in the maternally expressed gene Ube3a increased
the expression of the paternally expressedUbe3a antisense tran-
script. This suggests that Ube3a regulates the expression of the
Ube3a antisense transcript in trans [26]. Gene targeting of
Snurf-Snrpn in embryonic stem cells showed that paternal
inheritance of the mutation leads to expression from the mater-
nal allele with demethylation of the imprinting centre [27]. Fur-
thermore, the trans-acting genetic factors derived from the
MOLF/Ei strain of mice might facilitate the reactivation of
the silent maternal allele of Dlk1 in the intercross mice [28].
The present study also suggests that a trans-acting mechanism
is involved in the establishment and/or maintenance of the
imprinting status of some genes in biparental embryos.
An ng oocyte genome lacks a maternal DNA methylation
imprint, which is imposed during oogenesis [29–31]. Conse-
quently, the paternally expressed genes are transcribed from
the ng alleles in ng/fg parthenotes [15]. Further disruptions
in imprinted gene expression, which were observed in the par-
thenogenetic embryos in the present study, were restored in the
ng/fg parthenotes. This also suggests that trans-acting mecha-
nisms are involved in the appropriate expression of imprinted
genes.
Fig. 4. Sequence analysis of the PCR products of (A) Air, (B) U2af1-rs1, and (C) Tssc3. The samples were obtained from genomic DNA (JF1 and
B6D2F1) and cDNA (ng/fg parthenogenetic fetuses). The polymorphic bases in the sequences are boxed.
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